essential that in vitro esr observations be interpreted in terms of the chlorophyll species actually present. Chlorophyll is able to act both as electron donor and electron acceptor in chargetransfer complexes. The central Mg atom of chlorophyll is coordinatively unsaturated when it has the coordination number 4, and at least one of the Mg axial positions must always be occupied by an electron donor group. In the absence of other nucleophiles, the ketone C-O function in Ring V of one chlorophyll molecule serves as donor to the Mg atom of another, forming chlorophyll dimers, (Chl2), or oligomers, (ChlW)3. Extraneous nucleophiles (bases) can compete for the coordination site at Mg, with disruption of the chlorophyllchlorophyll interactions, to form chlorophyll-ligand adducts, (Chl-L). The nature of the nucleophile determines whether the chlorophyll-nucleophile adduct is monomeric or polymeric. Bifunctional ligands, such as dioxane, pyrazine, 1, diazobicyclo(2.2.2.)octane, and, in particular, water can cross-link chlorophyll molecules or chlorophyll dimers by coordination to Mg to form large (chlorophyll-nucleophile) micelles (to be published). The chlorophyll species present in a particular experiment are very sensitive to temperature, adventitious nucleophiles such as water, and solvent, factors not always taken into account in previous work.
In 1956, Commoner and coworkers (1) discovered that electron spin resonance (esr) signals could be produced in intact photosynthetic organisms or chloroplast preparations by irradiation with light. The most prominent of the photo-esr signals (Signal I) is rapidly reversible, has the free electron gvalue 2.0025, a peak-to-peak linewidth (AH) of about 7.5 g (plants) or about 9.5 g (bacteria), a Gaussian line shape, and no hyperfine structure. Subsequent esr studies (critically reviewed by Weaver (2) ) on chloroplast or chromatophore preparations (3) (4) (5) (6) , active-center preparations (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , organisms of unusual isotopic composition (20, 21) , and on in vitro chlorophyll systems (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) have made it probable that Signal I arises by the photooxidation of special chlorophyll molecules located in the photosynthetic reaction center, and that this is the chlorophyll responsible for the long-wavelength absorption associated with the reaction center (32) (P700, plants; or P870, bacteria). It has further been suggested (21) that Signal I is due to the formation of Chl+-or BChl+-; however, Signal I is much narrower than the esr signals recorded from Chl+.. To explain the unusual esr and spectral properties of reaction-center chlorophyll, chlorophyll aggregation of an unspecified nature (33) , chlorophyll-lipid and chlorophyll-protein interactions (34) , or perturbations in the chlorophyll -r system caused by unspecified changes in the environment (24) have been suggested. None of these interpretations, however, account for both the optical and the esr properties of active-center chlorophyll.
Chlorophyll species important in esr Recent investigations by infrared and nuclear magnetic resonance (35) spectroscopy have characterized and differentiated several in vitro chlorophyll species. Clearly, it is essential that in vitro esr observations be interpreted in terms of the chlorophyll species actually present. Chlorophyll is able to act both as electron donor and electron acceptor in chargetransfer complexes. The central Mg atom of chlorophyll is coordinatively unsaturated when it has the coordination number 4, and at least one of the Mg axial positions must always be occupied by an electron donor group. In the absence of other nucleophiles, the ketone C-O function in Ring V of one chlorophyll molecule serves as donor to the Mg atom of another, forming chlorophyll dimers, (Chl2), or oligomers, (ChlW)3. Extraneous nucleophiles (bases) can compete for the coordination site at Mg, with disruption of the chlorophyllchlorophyll interactions, to form chlorophyll-ligand adducts, (Chl-L). The nature of the nucleophile determines whether the chlorophyll-nucleophile adduct is monomeric or polymeric. Bifunctional ligands, such as dioxane, pyrazine, 1, diazobicyclo(2.2.2.)octane, and, in particular, water can cross-link chlorophyll molecules or chlorophyll dimers by coordination to Mg to form large (chlorophyll-nucleophile) micelles (to be published). The chlorophyll species present in a particular experiment are very sensitive to temperature, adventitious nucleophiles such as water, and solvent, factors not always taken into account in previous work.
EXPERIMENTAL METHODS
Chlorophyll samples were dried, prior to solution preparation, by codistillation with CCL (36) . The solvents used for in vitro measurements were first dried over Linde 3A molecular sieve and degassed under reduced pressure. Solutions were prepared and oxidant was added in a nitrogen-filled dry box or on the vacuum line.
Irradiations were performed with a 150-W Varian Eimac lamp. Infrared components were removed by 2 cm of water and 2 dichroic infrared-rejecting filters. All irradiations were by red light with a Corning 2404 sharp cut-off filter. All in vitro measurements were made in 4-mm quartz esr tubes at -170'C; in vivo measurements were made at room temperature on concentrated slurries of cells held in a Varian water cell (V4548).
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Abbreviations: Chl, chlorophyll; Chl-L, chlorophyll monomer; esr, electron spin resonance; BCh1, bacteriochlorophyll. 
including values determined for these species in solution (Table 1) , that are at least 9-10 g wide, very similar to that of (Chl-L)+. Esr of (Chl * H20)n
The (Chl-H20)n species exists in aliphatic hydrocarbon solvents. It consists of a large, ordered array of chlorophyll molecules, held together by water coordinated to the Mg atom of one chlorophyll molecule and hydrogen-bonded simultaneously to the keto and the carbomethoxy ester carbonyl functions of another chlorophyll; repetition of this interaction results in large entities of colloidal dimensions (29, 39) . This is the only chlorophyll species known to yield a reversible photoesr signal that is sufficiently intense to be readily detected. The unusually narrow line width of this signal (-1 g or less, Table  1 ) has been attributed to migration of the unpaired spin over the entire aggregate. When the unpaired spin is delocalized over a sufficiently large number of chlorophyll molecules, or at a sufficiently rapid rate, the esr signal collapses to a very narrow line (29, 30) .
The (Chl -H2O)n species absorbs in the red at 743 nm and is the most red-shifted of any chlorophyll a species so far prepared in vitro. In the (Chl2)n species, where C==O---MNg interactions are involved, the macrocycle planes cannot be made parallel (40) , and the red-shift is small (Xma. = 680 nm).
The large red-shift of (Chl -H20)n thus reflects a major structural difference, between this species and (Chl2)., in the way the chlorophyll molecules are arrayed relative to each other.
Although there is no evidence that (Chl-H2O). is an important species in nature, hydrated bacteriochlorophyll species absorbing near 865 nm appear to be present in bacteria. From visible absorption spectroscopy, we believe the (Chl2)^species absorbing at 680 nm probably is the form in which antenna chlorophyll occurs in nature (to be published).
Esr of photosynthetic organisms and preparations We have noted that the narrow photo-esr of (Chl * H20)n can be accounted for by a process of spin migration that effectively delocalizes the unpaired spin over a large number of chlorophyll molecules. We propose to reconcile the in vitro and in vivo esr signals by a similar process.
Consider an esr spectrum whose second moment (AW2) arises primarily from unresolved isotropic and anisotropic hyperfine interactions. These assumptions are reasonable for a large -r Origin of Signal I in Photosynthesis 627 system with a symmetrical Gaussian line shape (20, 41) , particularly in view of the narrow symmetrical signals of the deuterated systems. We want to calculate the second moment of pairs of such molecules when the unpaired electron is shared equally between the members of the pairs (42, 43) . First, we calculate the second moment of noninteracting molecules with a fixed orientation, k, relative to the external magnetic field. The monomer second moment for this orientation, k, is thus, and n is the number of "stick" resonances located at fields aik with intensities i'k. This treatment neglects line broadening from intermolecular interactions. Now, consider pairs of molecules in the same orientation, k, such that the unpaired electron-spin density is shared equally between the two members of the pair. Using the McConnell relation (44), we assume the unpaired spin density is halved at every site, neglecting additional interactions betweenthe molecules. Thisassumption has been verified for aromatic hydrocarbon-dimer cations (42, 43) . Of such units, n2 types of pairs exist. With the above spin-density assumption, the ij pair is resonant at (aik + ajk)/2, with intensity lIkljk. (For convenience, we treat the ji pair separately from the ij pair.) Thus, the second moment for spins delocalized over pairs of molecules is Thus, for Gaussian lines, or for any line shape for which (Ac2) = C AH2, we have AH2=-AHI.
This treatment can be generalized to give
/NI where AHM is the linewidth of (Chl -L) +-monomer and AHN is the linewidth when the unpaired spin is delocalized over N molecules. Eqs. (1) and (2) Origin of Signal I If we proceed on the assumption that the narrowing of the in vivo esr signals is due to a process of spin delocalization, Eq. (2) permits an estimate of the number of chlorophyll molecules involved in the delocalization. By inspection, it can be seen that the in vivo signals of relative to each other). At this time, we know of no ligand other than water that has the necessary properties, but the possibility that there are such ligands in nature cannot be excluded. We emphasize the basic difference between the chlorophyll dimer, (Chl2), which is the species present in a CC14 or benzene solution, and the entity (Chl -H20 * Chl). The optical and esr properties of reaction-center chlorophyll cannot be accounted for in terms of a chlorophyll dimer formed by keto CAdO-Mg interactions. As there are so many ways in which chlorophyll can be "aggregated", this term should be used only when the mode of aggregation is specified. The model of the photosynthetic unit that emerges from this analysis has the following features: The bulk of the chlorophyll is considered to be present as the oligomer, (ChlI)O, absorbing near 680 nm; this is the light-gathering or antenna chlorophyll. The active center, where charge separation occurs (30) , is (Chl * H20 * Chl), and the observed unpaired spin is largely confined to this entity. The structures [(Chl2)nChl-H20 . Chl(Chl2),f] or [(Chl2)nChl -H20 -Chl] are both compatible with the esr and optical data. In the latter structure, the terminal chlorophyll is available for coordination at Mg to a ligand that could be involved in electron transport. The entity (Chl -H20 * Chl) makes two chlorophyll molecules available for electron transport so that removal and replacement of the electron can be simultaneous. A highly water-free environment is required to maintain the integrity of the chlorophyll oligomer. The model suggested here from esr data is very similar to one we have suggested from infrared and visible absorption spectroscopy (46) . This work was performed under the auspices of the U.S.
Atomic Energy Commission.
